Liquefied petroleum gas (LPG) is an important urban gas source in China. Before supplied to customers by pipeline supply systems, LPG is stored in tanks in LPG vaporization stations. Designers usually decide the number and the size of storage tanks by their experience during constructions of vaporization stations. These decisions are usually not best and most economical. To solve the problem, a compact mixed integer nonlinear programming model has been developed in this paper. The objective is to minimize annual storage cost of the vaporization station. The model has been transformed into a general nonlinear programming model by transforming integer variables and 0 -1 variables into continuous variables. One LPG vaporization station was taken as an example to illustrate the usage of the model. The results show that the optimal storage scheme can be determined accurately and quickly by the model and about 15% of storage cost can be saved every year after optimization.
Introduction
There were several hundred millions of people using solid fuels (biomass and coal) partially or exclusively for cooking and heating in China, most of these in rural areas, in 2007 [1] . The long-term and mass combustion of solid fuels makes the country suffer serious air pollution. Cooking with liquid or gas fuels is a strategic choice to reduce the level of atmospheric pollution, as well as to improve people's living standard. Therefore, the Chinese government has been taking firm steps to develop its urban gas industry [2] [3] [4] .
With some advantages, such as convenient transportation, easy operation, high energy density, and low pollution, liquefied petroleum gas (LPG) is a principal residential fuel for a lot of Chinese people not served by natural gas infrastructure [5] . In 2007, LPG was available in more than 90% of total cities and 7.3 million tons of LPG was consumed for households in China [6] .
In China, a considerable portion of LPG is supplied to customers by a LPG pipeline supply mode (see Figure 1) . LPG is firstly delivered from LPG import terminals or LPG plants to a vaporization station by tank trucks, and then unloaded and stored in cylindrical shaped LPG storage tanks. LPG in storage tanks is pumped into heated vaporizers and converted into gaseous LPG. After gas-liquid separation, the gas is regulated to a required pressure, and then transported to customers via a local gas distribution network.
Obviously, storage tanks ensuring reliable gas supply are key equipments of an LPG vaporization station. During constructions of LPG vaporization stations, designers usually decide the number and the size of storage tanks by their experience. Due to various sizes of LPG storage tanks, however, there are several selection schemes with different costs to meet the same storage requirement. The cost-optimal selection scheme is very important to increase the profitability of the LPG pipeline supply mode. At present, lack of a tool to evaluate the decision on the selection of storage tanks is a big barrier to build LPG vaporization stations in China.
In this paper, a mixed integer nonlinear programming (MINLP) model is developed. The model minimizes the annual storage cost of a LPG vaporization station in consideration of guaranteeing its normal and safe operation. To solute this model conveniently, integer variables and 0-1 variables are transformed to some continuous variables. In order to illustrate the mathematical model, the economically optimal selection of storage tanks is done for a LPG vaporization station in Guangdong, using a mathematical software package LINGO [7] , and results are analyzed. tioned supply mode's profitability by minimizing the annual storage cost of the vaporization station. The storage cost minimization is accomplished by determining a combination scheme of storage tanks. For solving this problem, the following steps are required [8, 9] :  defining the appropriate objective function,  determining the related constraints. Section 2.1 and Section 2.2 show parameters and decision variables that are used in the MINLP model, respectively. Maximum filling ratio of a sth storage tank at its maximum operating temperature.
Parameters

S
Decision Variables
N s The number of sth LPG storage tanks in the vaporization station.
The following notation shows that a sth storage tank is used or not in the LPG vaporization station:
Objective Function
The objective function minimizes the annual storage cost of the LPG vaporization station. In this paper, it is supposed that no funds are borrowed to buy and install LPG storage tanks. Therefore, for each LPG vaporization station, its annual storage cost consists of fixed costs (i.e. annual depreciation charge of storage tanks) and variable costs which include annual maintenance cost of tanks and annual management cost of tanks. For convenience, annual maintenance cost of storage tanks is calculated by multiplying their annual depreciation charge by a ratio, while their annual management cost is expressed by a proportion of their initial cost.
We assume that there are S possible sizes of LPG storage tanks and the residual value rate and the depreciable life are same for each tank.
Considering the time value of money, the annual depreciation charge of storage tanks is given by the following equation:
The objective function is then formulated as follows:
Constraints
Bad weather, such as flood, rain, fog and snow, may prevent LPG tank trucks from transporting LPG to vaporization stations timely. In consideration of adverse Copyright © 2012 SciRes. NR weather factors, therefore, keeping a safety reserve in each vaporization station should be considered sufficient to guarantee the station's ability to supply stable and enough LPG to consumers. In addition, the safety reserve is also used for meeting peak loads. Reference [10] specifies the LPG storage capacity in one vaporization station, which is described as follows:  If the LPG is supplied by LPG plants, the storage volume of LPG should be determined based on some factors, such as the gas supply scale of the vaporization station, the production situation of plants, the distance from plants to the station, etc.  If the LPG is supplied by LPG import terminals, the storage volume of LPG should be triple of average daily gas consumption in the design month. It is clear that the storage capacity of storage tanks in the station must be no less than the required safety reserve.
According to the investigation, a storage volume of fifteen times average daily LPG consumption is regarded as reasonable for a vaporization station which LPG is supplied by LPG plants [11] . Therefore, if LPG plants are suppliers, the storage capacity restriction is shown in (3):
If LPG import terminals are suppliers, the storage capacity restriction is as follows:
where ρ is the density of liquid LPG at the maximum operation temperature of storage tanks. In China, LPG storage tanks are generally equipped with fixed spray cooling devices, so that their maximum operation temperature is 40˚C. Reference [10] also requires that the number of storage tanks should not be less than two in each station. Installing two or more tanks in a station has two reasons. The first is that gas supply will not be interrupted when one tank is maintained. The other is that the LPG in a storage tank can be transported to other tanks when it has a dangerous fire and explosion risk. The constraint of the number of tanks is shown in (5):
The corresponding management cost will rise with the sizes of storage tanks applied in the station. Additionally, using more sizes of tanks will make the management more difficult. Thus, we assume that one station has no more than two sizes of storage tanks at best. The constraint can be described in the following equation:
Equations (7) and (8) are the non-negativity and integer requirements for decision variables (x s , N s ). Note that the model can set N s = 0 if the size sth LPG storage tank is not used in the vaporization station.
Furthermore, the following equation holds according to (3) and (4):
Here      denotes up-rounding (the next higher integer). Equation (9) 
Conversion of the Model
The developed model is a mixed integer nonlinear programming model. Because the value areas of variables are finite sets of discrete points, the solutions of MINLP problems are complicated and time-consuming [12, 13] . However, there are many fast solution algorithms for general nonlinear programming (NLP) problems, such as variable metric algorithm, penalty function algorithm, trust-region algorithm, etc. [14] . For more convenience, we transform integer variables and binary variables to continuous variables using approaches suggested in [15] and [16] . Then, the proposed model is converted into a general nonlinear programming form.
Every binary variable with values in {0,1}, x s , can be rewritten equivalently as the following quadratic equality:
Therefore, (7) can be substituted by (10 
where L s is the upper bound of N s .
Each new 0-1 variable, y sj , can also be rewritten equivalently as follows:
Then, we can substitute (9) by (11)- (13) . After the above transformations, all integer variables and binary variables in the model are transformed to continuous variables.
Model
Considering the above sections, the whole mathematical model is as follows:
The above model is in the general nonlinear programming form.
Results and Discussion
An illustrative example of the model usage is conducted as follows. It is a LPG vaporization station in Guangdong province of southern China, vaporizing the LPG from an import terminal and supplying gas at 0.14 MPa to ten thousands of households and hundreds of ceramic enterprises via local gas distribution pipelines.
Values of Parameters
The station supplies 179,320 kg LPG daily and the local maximum uneven factor of monthly gas consumption is 1.2. The product of the two data is the average daily gas consumption in the design month [17] 
The physical parameters of the LPG are summarized in Table 1 .
In China, the design pressure of tanks for LPG is 1.8 MPa and horizontal cylindrical storage tanks are generally used in LPG vaporization stations. Hence, LPG storage tanks just fall into several sizes by volumetric capacity in the example. All sizes of horizontal cylindrical storage tanks for LPG and their parameters are shown in Table  2 .
From Tables 1 and 2 , the values of some parameters used in the model can be obtained, such as ρ, S, V s , η s and C s (s = 1, ··· , S). Based on some researches on cylindrical LPG storage tanks on the market, the depreciable life of storage tanks is taken as 20 years and the residual value rate is 4%. In this paper, market discount rate, i, is expected to be 3.87%.
According to experience gained from the construction and operation of domestic LPG vaporization stations, K mi and K md are 5% and 30%, respectively. 
Solution and Results
To solve the optimal selection problem of storage tanks, the mathematical model were coded using LINGO 8.0. After importing the above values of parameters to LINGO, the values of variables were output by running the coded model ( Table 3) . The minimum annual storage cost and the optimal selection scheme of storage tanks for the vaporization station are presented in Table 4 . The actual storage scheme of the station and its corresponding storage cost are also listed in the table.
From Table 4 , it can be noted that using nine storage tanks with a total volumetric capacity of 1,350 m 3 is the economic optimal storage scheme for the LPG vaporization station. After optimization, the annual storage cost is 226,665 Yuan/year which is about 85% of that of the actual storage scheme. It is also concluded that the optimization scheme can make more full use of storage tanks than the actual scheme, because the latter has a higher total volumetric capacity of tanks.
Conclusions
In this study, a mathematical model has been developed to help LPG vaporization stations select optimal mix of storage tanks. It minimizes the annual storage cost, guaranteeing the normal and safe operation of stations. For convenience in solving the MINLP model, it is transformed to be in the general nonlinear programming form. According to the analysis in this study, the following conclusions can be obtained:  Each LPG vaporization station has its optimal selection scheme of storage tanks considering of the minimum annual storage cost.  Using the mathematical model, the optimal storage scheme can be determined accurately and quickly. Furthermore, minimizing annual storage cost can cut the LPG price for users under other same conditions. This will reduce the subsidy on residential LPG from the central government and contribute to extending the market for household LPG use in poorer areas in China.
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